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Abstract: Oocyte m aturation  is a critical stage in em bryo production and  female reproduction. 
The aim s of this study  w ere to determ ine: (i) the mRNA and protein expression of vasp in  and  its 
receptor 78-kDa glucose-regulated (GRP78) in porcine cum ulus-oocyte complexes (COCs) by real-time 
PCR and W estern blot analysis, respectively, and  their localisation by immunofluorescence; and (ii) 
the effects of vasp in  on in vitro oocyte m aturation  (IVM) and  the involvem ent of m itogen ERK1/2 
(MAP3/1)- and  A M PK a (PRKAAl)-activated kinases in the studied processes. Porcine COCs were 
m atured in vitro for 22 h or 44 h w ith vaspin at a dose of 1 ng/mL and nuclear m aturation assessed by 
H oechst 33342 or DAPI staining and the m easurem ent of progesterone (P4) level in the m aturation 
m edium . We show ed that vaspin and GRP78 protein expression increased in oocytes and cum ulus 
cells after IVM. Moreover, vaspin enhanced significantly porcine oocyte IVM and P4 concentration, 
as well as MAP3/1 phosphorylation, while decreasing PRKAA1. Using pharmacological inhibitors of 
MAP3/1 (PD98059) and PRKAA1 (Compound C), w e observed that the effect of vaspin was reversed 
to the control level by all studied param eters. In conclusion, vaspin , by im proving in vitro oocyte 
m aturation  via MAP3/1 and  PRKAA1 kinase pathw ays, can be a new  factor to im prove in vitro 
fertilisation protocols.
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1. Introduction
Oocyte m aturation is a critical stage of embryo production in mammals, characterised by periods 
of meiotic arrest and resumption [1]. Balance is needed between factors promoting or inhibiting oocyte 
m aturation  for subsequent fertilisation and em bryo developm ent [1]. In vivo, oocytes rem ain at the 
im m ature germ inal vesicle (GV, prophase of meiosis) stage to luteinising horm one (LH) ovulatory 
peak [2], b u t oocytes m ay also resum e meiosis outside the body. In vitro m aturation  includes both  
nuclear and  cytoplasm ic m aturation. N uclear m aturation is the ability of oocytes at the GV stage to 
complete metaphase-I, transit to m etaphase-II and in the production of first polar body connected to 
their higher progesterone (P4) production [3]. Cytoplasmic m aturation is characterised by m olecular
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and structural changes, including reorganisation of the cytoskeleton to provide a m ature ovum  
to su pport fertilisation and  early em bryonic developm ent [4]. Oocyte m aturation  is regulated by 
tw o opposite kinases: m itogen-activated kinase (MAP3/1) phosphorylates cytoskeletal proteins and 
has a key role in  m eiotic cell division, w hile AM P-activated kinase (PRKAA1) has an  opposite 
effect—m aintenance of the meiotic block in porcine and  bovine oocytes [5,6]. It is im portan t that 
the in vitro environm ent m ust support bo th  nuclear and  cytoplasm ic m aturation; know ledge about 
factors stim ulating oocyte m aturation in vitro is a first step to im prove in vitro fertilisation protocols. 
As described previously, adipokines such as leptin and adiponectin stimulate porcine oocyte m aturation 
in vitro [7- 9]. M ore precisely, C happaz et al. [9] show ed the expression of adiponectin  receptors in 
porcine oocytes and cum ulus cells, as well as a decrease in im m ature oocyte num ber by adiponectin 
addition via the p38MAP pathway. Interestingly, Craig et al. [7] noted upregulation in leptin receptor 
protein expression after oocyte m aturation and the stim ulatory effect of leptin on this process via the 
MAPK pathway.
It is know n tha t the reproductive success of anim als, including pigs, depends on nutritional 
status and energy resources. The relevant energy status of sows determ ines the norm al reproductive 
functions; e.g., sows w ith low w eight require a longer time to first oestrus and their offspring are less 
num erous and  characterised by low b irth  w eight [10]. M oreover, adipose tissue produces m ultiple 
hormones called adipokines, which play a pleiotropic function in the body, including ovarian function 
regulation [11]. C urrently  available data  suggest tha t adipokines (leptin, adiponectin, apelin  and 
chemerin) may operate as paracrine m ediators linking oocyte m aturation, early embryo development, 
and im plantation in different species including pigs, bovines, and goats [7,9,12- 15]. Recent data suggest 
that another adipokine—vaspin (visceral adipose tissue-derived serine protease inhibitor) is known as 
a regulator of energy balance, to decrease food intake [16], promote preadipocytes differentiation [17], 
im prove insulin  sensitivity and  glucose tolerance [18], and  play an  im portan t role in reproduction. 
In our previous published data, we described the dependence on oestrous phase vaspin expression of 
porcine ovarian structures, ovarian follicles [19], and corpus luteum  (CL) [20]. Interestingly, we showed 
that the plasm a vaspin level is dependent on fattening: a higher expression was noted in fat Meishan 
pigs com pared to lean Large W hites [19]. Similarly, Barbe et al. [21] show ed tha t in  both  plasm a 
and  perirenal w hite adipose tissue, the am ount of vaspin  w as higher in M eishan pigs. Moreover, 
the expression of vaspin  is strongly dependent on horm ones, w hich are connected to ovarian follicle 
grow th and  developm ent, ovulation, CL form ation and regression, and  levels of gonadotropins and 
steroid hormones such as oestradiol, testosterone and P4, insulin and prostaglandins E and F2a [19,20]. 
Furtherm ore, vaspin  regulates ovarian physiology by a direct stim ulatory effect on phosphorylation 
of m ultiple kinases MAP3/1, protein kinase A (PKA), Janus kinase (STAT3) and  PRKAA1 [20,22], 
steroidogenesis [22] proliferation, and inhibition of apoptosis in ovarian follicle cells [23]. In porcine 
CL cells, vaspin enhances steroidogenesis by increasing level of P4 and oestradiol, as well as enzymes 
participating in its synthesis via 78-kDa glucose-regulated protein (GRP78) receptors and  the PKA 
signalling pathway. M oreover, vaspin  exerts a positive im pact on CL angiogenesis connected w ith  
upregulation in mRNA expression and  the secretion of vascular and  endothelial grow th factors and 
angiopoietin 1 by  GRP78 and  MAP3/1 activation [24]. Im portantly, the effect of vasp in  on oocyte 
m aturation has no t been studied in pigs or other species. Based on previous findings concerning the 
role of vasp in  in the porcine ovary and  the connection of adipokines to oocyte in vitro m aturation, 
we hypothesise that vaspin and GRP78 are expressed in porcine oocytes and vaspin has a stimulatory 
effect on in vitro oocyte m aturation.
Thus, we studied: (i) vaspin, GRP78 mRNA, and protein expression in oocytes and cum ulus cells 
before (0 h) and after in vitro m aturation (44 h), as well as vaspin and GRP78 immunofluorescence in 
cum ulus-oocyte complexes (COCs), (ii) the effect of vaspin on in vitro oocyte m aturation by measuring 
the percentages of oocytes in metaphase-II of meiosis and measuring P4 levels in the oocyte m aturation 
m edium , (iii) the effect of vasp in  on  MAP3/1 and  PRKAA1 kinase phosphorylation in oocytes and 
cum ulus cells, and (iv) the involvem ent of MAP3/1 and  PRKAA1 kinases in the action of vasp in  on 
in vitro oocyte m aturation.
2. Results
2.1. Vaspin mRNA and Protein Expression before and after In Vitro Oocyte Maturation, as well as Its 
Immunolocalisation in COCs
Wie investigated vaspin mRNA and protein expression before (0 h) and after (44 h) oocyte in vitro 
m aturation, as well as its im m unolocalisation in COCs. We showed that vaspin mRNA transcription 
decreased signifiaantly after 44 h  of in vitro m atuaation in oocytes and  cum ulus cells, by6 .2 - and 
3.6-fold, respectively (*** p < 0.001, Figure 1A). O n th e o th e r  hand, the protein levels of vasp in  in 
oocytes and cum ulus cells were significantly higher after oocyte m aturation (*** p < 0.0(111 , Figure 1B). 
Additionally, strongfluorescence signals for vasp in  in COCs and  denuded  oocytes w ere detected. 
No im m unoreaction w as observed for the negetive conrrols (Figure 1C).
Fi gure 1. Vaspin mRNA and  protein  expression before and  after oocyte in vitro m aturation , as well 
as its im m unolocalisation in  cum ulus-oocyte complexes (COCs). COCs (50/group/experim ent) w ere 
selected after m orphological exam ination of m aterial collected from  the ovaries taken from 100 pigs
(15 follicles/ovary). COCs w ere collected before (0 h) and  after (44 h) in vitro m aturation  and  oocytes 
w ere d en u d ed  by gently  p ipetting  in  hyaluronidase, then  real-tim e PCR and  W estern b lot analysis 
w ere perform ed to determ ine mRNA (A) and  protein  (B) level of vasp in  in  oocytes and  cum ulus 
cells. Additionally, im m unolocalisation of vaspin w as analysed by imm unofluorescence in COCs (C).
Gene expression level w as norm alised to the geometric mean of actin and glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH), and protein to actin. Vaspin imm unostaining shown by arrows. Experiments 
w ere perform ed independently  and  repeated  three tim es (n = 3). The data are plo tted  as the m ean ± 
standard  error of the m ean (SEM) of three independen t experim ents. Significance betw een groups 
before and after maturation is indicated by *** p < 0.001; Cumulus cells (Cc), oocyte (Oo), Immunoglobulin
G (IgG).
2.2. GRP78 mRNA and Protein Expression before and after Oocyte In Vitro Maturation, as well as Its 
Immunolocalisation in COCs
Hence, w e exam ined GRP78 mRNA an d p ro te in ex p ressio n b efo re  (Oh) and  after (44h) oocyte 
in vitro m aturation, as well as its im m unolocalisation in COCs. We observed tha t GRP78 mRNA 
expressionw as upregulated  afier in viiro m aturation  in both  oocyte s and  cum ulus cells by 3- and 
4-fold, respectively (*** p < 0.001, Figure 1A) . A similar effect was observed for GRP78 protein level (** 
p < 0.01, *** p < 0.001, Figure IB). Moreover, as show n in Figure 1C, w e observed strong fluorescence 
signals for GRP78 in COCs and denuded oocytes. No im munoreaction was observed for the negative 
controls (Figure 1C).
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Figure 1. 78-kDa glucose-regulated protein  (GRP78) m RNA and  protein expression before and  after 
oocyte in vitro m aturation , as ■well as its im m unolocalisation in  cum ulus-oocyte com plexes (COCs). 
COCs (50/group/experiment) ■were selected after morphological examination of material collected from 
the ovaries taken from  100 pigs (15 follicles/ovafy). COCs w ere colleeted before (0 h) and  after (44 If) 
in vitro m aturation  an d  oocytes ■were d en u d ed  by gently  p ipetting  in  hyaluronidase, then  real-tim e 
PCR and Western blot analysis were perform ed to dete rmine mRNA (A) and protein (B) leve l of GRP78 
in  oocytes and cum ulus cells. Im m unolocalesation of GRP78 w as stud ied  by im m unofluorescence in 
COCs (C). Gene expression level w as norm alised to tire geom etri/ m ean of actin and  glycera ldehyde 
3-phosphrte dehydrogenase (GAPDH), and p ro trin  go actin . GRP78 im m unostainina show n by arrows. 
Experim ents w ere perform ed inW ependently and  repeated three timee (n = 3). The data are p lo tted  
as the m ean ± SEM of three independent exparim ents. Significance batw aen groups beSore and after 
m aturation is indicated by ** p < 0.01 and *** p < 0.001; Cum ulus cells (Cc), oocyte (Oo), Immunoglobulin
G (IgG).
2.3. Effect of Vaspin on Nuclear In Vitro Oocyte Maturation and P4 Release in the In Vitro Oocyte 
MaturationMedium
We investigated the effect of vasp in  at a dose 1 ng/mL on in vitro porcine oocyte m aturation. 
Oocyde m aturation  w as identified by nualear m aturation  statua by H oestch 33342 or DAPI stain.pg 
(Figure 2A), and  w e analysed P4 level in culture m edium  by ELISA. For the control group, 40.5% af 
oocytes underw ent metaphase-I stage after 22 h of m aturation, while for vaspin, it was 66.3% (* p < 0.05, 
Figure 2B). Stimulatory effect was confirmed by the P4 level in culture m edium  ta6.540 ± 0.57 ng/mL) 
com parrd  to control (23.51 ± 0.43 ng/mL; 0* p < 0.01, Figure 2C). Vaspin also upregulated  in vitro 
oocyte m aturation  afte/ 44 h  of culture: about 75.6°% of oocytes had  progressed to the m etaphasp-ff 
sVagp /om pared  to 58.7°% iri ihe control if p  < 0.05, F°gure 2D ). We obrerved thae vaspin  signifi/antly 
increased. P4 secretion by COCs (36.07 ± 0.44 ng/mL) com pared to the control (32.62 ± 0.n3 ng/mL) 
after 44 h of culture (*° p < 0.01, Figure 2E).
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Figure 2. Effect of vasp in  on  nuclear oocyte m aturation  and  progesterone (P4) secretion. COCs 
(30/group/experim ent) w ere selected after m orphological exam ination of m aterial collected from  the 
ovaries taken from  100 pigs (15 follicles/ovary). Porcine cum ulus-oocyte com plexes (COCs) w ere 
cu ltured  for 22 h  or 44 h  in  m aturation  m edium  in the presenee or absence of vasp in  (1 ng/mL) then 
mechanically separated into oocytes and cum ulus cells. Nuclear m aturation sOages (A) weee analysed 
by  H oechst 333412! or DAPI staining (B,D), w hile m edium  w as collecte id and  P4 levels m easured by 
ELISA (C,E). DNA content shown by arrowr. Expef iments -were perform edindependently  and repeated 
three times (n = 3). Data are plotted as the mean ± SEM of three independent experiments. Significance 
between control and vaspin group is indicoted by * c < 0.05 and ** p < 0.01; GV (germinal vehicle stage), 
m etaphase-I of meiosis (meta-I), m etaphase-II of meiosis (meta-II).
24. Effect of Vaspin on MAP3/1 and PRKAA1 Kinase Phosphorylationin Oocytes and Cumulus Cells after In 
Vitro Maturation
We determ ined the effect of vaspin at 1 ng/mL on MAP3/1 and PRKKA1 kinase phosphorylation 
in oocytes and cum ulus cehs after 44 h of in vitro culture. As shown in Figure 3, additioni of vaspin to 
the culture m edium  for 44 h significantly increased MAP3/1 (** p < 0.01 and *** p < 0.001, Figuret 3A), 
whereas ir decre ased PRKAA1 (** p < 0.01 and ** * p < 0.001, Figuie r B) phosphorylation in both oocytes 
ond cum ulus cells, confirming the stim ulatory effect of vaspin on oocyto maturatimn.
Figure 3. Effect: of vaspin on m itogen-aitivated kinase (MAP3/1) and AMP-activated kinase (PRKAA1) 
phosphorylation in oocytes nnd cum ulus cells a fter in vitso m aturation. COCs (50/group/experiment) 
w ere selected after morjrferfogical edam ination of m aterial collected from  the ovaries taken from  100 
pigs i(5 follicles/ovary). Porcine cum ulus-oocyte complex (COCs) were culCueed fmr 4-4 h  in m aturation 
m ed ium  in the presence or absence of vasp in  i0 ng/mL) then  m echanic ally separated  intd oo cytes 
an d  cum ulus sells. Phospho MAP3/1 (pMAP3/1), MAP3/1 (A) and  phospho PRKAA1 (pPRKAA1), 
PRKAA1 (h) p rotein  expressions ‘were analysed by W estern b lot analysir. Protein expression levels 
were norm alised to ectin. Experiments were perform ed independently and repeaned tWree times fis = 3).
Data are p lo tted  as the m aan ± OEM of three independent experim ents. Significance betw een control 
and vaspin is indicated by ** p < 0.01 and *** p n  0.001.
2.5. Involvement of the MAP3/1 and PRKAA1 Kinases in the Effect of Vaspin on In Vitro Oocyte Maturation
Based on the result that -vaspin m odulated ihe phosphorylation of kinases MAP3/1 and PRKAA1, 
in the next set of experiments, -we axatnined the role oh (hese kinasee in the vaspin-m edipted effect on 
docy/e m aturation. Oocyte nuclear m atura(ion and P4 concentration in culture m edium  were asnessed
after 44 h  incubation w ith  pharm acological inhibitors of MAP3/1 (PD98059 at 100 gM) or PRKAA1 
(C om pound C at 1 gM), w hich indicated th a t sim ultaneous treatm ent w ith  PD98059 or C om pound 
C w ith  vasp in  (1 ng/mL) reversed nuclear m aturation  and  P4 levels com pared to control (F iguee4, 
statistical analysis ca rried out at p < 0.05) .
Figure 4. Involvement of the mitogen-activated kinase (MAP3/1) and AMP-activated kinase (PRKAA1) 
in the effect oe vaspin on in vitro oocyte m aturation. COCs (50/group/experiment) w ere selected after 
morphological examination of material cellected from the cvaries taken from 100 pigs (15 follicleseovary). 
Porcine cum ulus-oocyte comp lexes (COCs) were cultured for 44 h  in m aturation m edium  w ith PD98059 
(100 gM), MAP3A kinase inhibitor or C om pound C (1 gM), PRKAA1 kinase inhibito r alone or w ith  
vaspin  (1 ng/mL). The COCs werte separated mechanically inter oocyte and cum ulus cells and nuclear 
m aturation staged analysed by DAPe staining (A,C), while the m edium  was collected and progesterone 
(P4) lev?el m easured by ELISA (B,D). ExperimcnCs w ere perform ed independently  and repeated three 
times (n = 3). Data are plotted as the m ean ± SEM ol three independent experimente. Statistical analysts 
w as carried out a t p < 0.05; m etaphase-II of1 meiosis ( meta-II), no significant (ns).
3. D iscussion
Oocyte m aturation is a key event in a mam m al's embryo production and is essential for subsequent 
fertilisation [1]. Interestingly, increasing evidence has indicated vaspin as an im portant factor in female 
fertility, linking ovarian physiology w ith  energy resources [19,20]. In the present study, w e expand 
the know ledge about the role of vasp in  in eeproduction by studying  thc esprcsfion  and  im pact of 
vasp in  on porcine oocyaes. We show ed hhaX (i) vaspin  and  GRP78 m RNA and  protein expression
changed after COC m aturation in oocytes and cumulus cells, (ii) vaspin enhanced significantly porcine 
oocyte m aturation and P4 secretion by COCs, (iii) vaspin upregulated MAP3/1 and decreased PRKAA1 
phosphorylation, and  iv) the stim ulatory effect of vasp in  on oocyte m aturation  w as m ediated  by 
MAP3/1 and PRKAA1 kinase activation.
Knowledge of specific genes or proteins and their expression patterns in the early stages of porcine 
em bryogenesis is still lim ited. Investigation of pig oocyte transcriptom e or proteom e and  changes 
during  in vitro m aturation has shed m ore light on the m echanism s of this process. Previous studies 
have show n tha t vasp in  expression depended  on oestrous cycle stage in  the porcine ovary [19,20], 
b u t its presence in germ  cells has not been studied. For the present study  w e chose our research 
m odel based on previous papers describing effects on different horm ones on porcine in vitro oocyte 
m aturation [9,25]. Moreover, Marchal et al. [26] identified that even if prepubertal gilt oocytes appeared 
less competent and meiotically than adult sows, they can be used to produce blastocysts able to develop 
to term. Our present data provide novel evidence about vaspin and GRP78 gene transcripts and protein 
level in the oocytes and cumulus cells before and after in vitro maturation. Here, we showed that vaspin 
mRNA amounts decreased, while its proteome, as well as GRP78 mRNA and protein, was upregulated 
after in vitro m aturation. The same pattern  of vasp in  and  GRP78 w as observed for oocytes and 
cum ulus cells, so w e could hypothesise that there are no im munolocalisation changes during in vitro 
maturation. However, this remains to be determined. The present findings indicate that its expression is 
dependent on oocyte m aturation and suggests potential autocrine and/or paracrine effects of vaspin in 
this process. Differences between vaspin mRNA and protein levels are probably linked to translational 
regulations. Poor genom e-w ide correlation betw een expression levels of m RNA and protein are 
commonly reported [27] and are explained by complicated post-transcriptional mechanisms involved 
in transcribing mRNA into protein. Our results obtained are in a good agreement w ith previous data of 
Ellederova, who showed analogous changes in GRP78 receptor expression in in vitro cultured porcine 
oocytes as analysed by tw o-dim ensional gel electrophoresis and  m ass spectrom etry [28]. Moreover, 
stim ulation in GRP78 expression can be linked to vasp in  protein upregulation . Sim ilar interactions 
between a protein and its receptor have been observed in bovine embryos: briefly, a high dose of leptin 
(10 ng/mL) increased leptin receptor expression [29]. Furtherm ore, changes in adipokine expression 
before and after in vitro m aturation are well docum ented in the literature: e.g., adiponectin receptor 2 
transcription decreased during bovine in vitro m aturation in COCs, w ith no differences in adiponectin 
level [30]; a similar downregulation was observed for visfatin in the oocytes [31]. Interestingly, there is 
a link between adipokine system expression and its effect on in vitro oocyte m aturation; for instance, 
adiponectin  decreases epiderm al grow th factor (EGF) and  foetal calf serum  (FCS)-induced oocyte 
m aturation [30]. Based on the above, we hypothesise that increases in vaspin and GRP78 protein levels 
are connected w ith  a stim ulatory effect on oocyte m aturation.
Oocytes at GV removed from the ovarian follicle and cultured in vitro may spontaneously resume 
meiosis, understood as com pleting the metaphase-I transit to m etaphase-II (where it is arrested until 
fertilisation) and producing the polar body [3]. As we anticipated, we showed the stimulatory effect of 
vaspin  (1 ng/mL) on nuclear oocyte m aturation. The total tim e to undergo m etaphase-II for porcine 
oocytes cultured in vitro is 44 h [32]. In our experiments, we checked the progress in oocyte m aturation 
by counting the percentage of oocytes first in m etaphase-I after 22 h of culture (percentage of oocytes 
in metaphase-I) and then at metaphase-II after 44 h. The positive effect of vaspin on oocyte m aturation 
w as confirm ed by increases in P4 levels in  the culture m edium  after 22 and 44 h  of culture. D uring 
in vitro m aturation, P4 is produced by cum ulus cells; moreover, in bovine oocyte culture, P4 addition 
stim ulates meiotic reinitiation [33]. Thus, vasp in  could have an  effect on porcine oocyte m aturation 
through an  upregulation  of P4 production by COCs. This is consistent w ith  our previous findings, 
where we showed that vaspin (0.01-10 ng/mL) enhanced P4 secretion by ovarian follicles cells cultured 
in vitro [22]. The ovarian follicle creates an environm ent for the growth and developm ent of oocytes, 
so vasp in  can stim ulate oocyte m aturation, no t only by a direct effect on P4 production by COCs, 
b u t also by an  increased P4 level in porcine ovarian follicles. Furtherm ore, w e show ed previously
the positive effect of vaspin on P4 production by the porcine CL, which is another confirmation of its 
stimulatory role in P4 synthesis [20]. On the other hand, it has been suggested that only high doses of P4 
(500 ng/mL) stimulate in vitro porcine oocyte m aturation, w ith no effect at a lower dose (50 ng/mL) [34]. 
In our experiments, the increase in P4 level was not comparable to these data and consequently could 
result from an increase in the percentage of m ature oocytes, suggesting a potential direct action of 
vaspin  on oocyte nuclear m aturation. Furtherm ore, some authors observed that, in porcine oocytes, 
isoflavone daidzein  inhibited P4 production  w ithou t affecting oocyte in vitro m aturation  [35]. It is 
undeniable that vaspin stimulates in vitro oocyte m aturation, but w hether this is a direct or an indirect 
effect through increasing P4 production  requires fu ture research. Interestingly, the im portan t and 
various effects of adipokines on oocyte m aturation has been described previously: chemerin induced 
an arrest at the GV stage of bovine oocytes and decreased P4 level [13], while adiponectin accelerated 
the meiotic m aturation of porcine oocytes [9].
Additionally, in the present study  w e show ed that vasp in  increased the phosphorylation of 
MAP3/1 kinase in  oocytes and  cum ulus cells and  had  an  opposite effect on PRKAA1. Previously, 
w e have show n the rap id , tim e-dependent stim ulatory effect of vasp in  at a dose of 1 ng/mL on the 
phosphorylation of bo th  kinases in ovarian  follicle cells [22]. The differences observed for PRKKA1 
can be dependent on culture time or the type of structure studied. Literature data show that MAP3/1 
and PRKAA1 play im portant roles in porcine oocyte m aturation, w hich m ay confirmed by the direct 
involvement of vaspin in that process. MAP3/1 phosphorylates cytoskeletal proteins and nuclear lamin 
and plays a key role in meiotic cell division [5]. D uring meiosis, MAP3/1 is activated around the GV 
breakdow n stage w ith  a peak during  m etaphase-II and participates in  cum ulus cell expansion [36]. 
O n the o ther hand, the level of PRKAA1 phosphorylation is high in im m ature oocytes and  ovarian 
cum ulus cells, w hile reduced du ring  m aturation  in porcine COCs [37]. Is it a w ell-know n fact that 
MAP3/1 phosphorylation increases during  oocyte m aturation after 24 h  in bovine [13] and  after 44 h  
in porcine [7] COCs, w hile PRKAA1 phosphorylation decreases in bovines after 24 h  [6], so in our 
research we focused just on the direct effect of vaspin, w ithout studying tim e-dependent relationships. 
Interestingly, som e factors are able to m odulate oocyte m aturation  by altering the phosphorylation  
of the m entioned kinases: for example, the PRKKA1 activation in response to m etform in-blocked 
meiotic progression at the GV stage in bovine [6] and porcine [37] oocytes. Finally, the connection of 
adipokines to MAP3/1 and PRKAA1 phosphorylation in COCs has been described. The inhibitory effect 
of chem erin [13] and apelin [14] on bovine oocyte m aturation  has been linked to its dow nregulatory 
action on MAP3/1 phosphorylation. Based on that, the effect of vaspin on the phosphorylation of key 
kinases in  oocyte m aturation is another confirmation of its positive, m ost likely direct, action on this 
m ost im portant event in reproduction.
Finally, w e examined the m olecular m echanism of the action of vaspin on in vitro m aturation of 
porcine oocytes. Using pharm acological inhibitors of MAP3/1 (PD98059) and  PRKAA1 (C om pound 
C), we indicated that the stim ulatory effect of vasp in  on oocyte nuclear m aturation m easured by its 
abundance in m etaphase-II of meiosis, as well as P4 concentration after 44 h of culture, w as reversed 
to the control level. We did no t observe significant differences in oocyte m aturation after addition of 
inhibitors, compared to the control. Our findings are in good agreement w ith those of Bilodeau-Goeseels, 
w ho d id  not observe stim ulation of porcine oocyte m aturation  after C om pound C addition  [38]. 
Similarly, m aturation  of porcine oocytes cultured w ith  leptin  alone or w ith  MAP3/1 inhibitor was 
no t decreased u n d er control level [7]. However, Sirotkin et al. [8] show ed that PD98059 inhibitor 
alone dram atically decreased the percentage of oocytes undergoing m aturation. Macroscopically, 
we observed inhibition of cum ulus cell expansion by MAP3/1 inhibitor. Nevertheless, the stimulatory 
action of vaspin  on the percentage of oocytes in m etaphase-II was inhibited, w hich clearly identified 
the m olecular m echanism  of its action. Furtherm ore, the present data are in  a good agreem ent w ith  
findings indicating that pharm acological inhibition of MAP3/1 inhibited the stim ulatory action of 
leptin [7] and adiponectin [9] on porcine oocyte m aturation.
O ur results are im portant for female fertility because if in vitro m aturation is not carried out in a 
precise m anner u nder optim al conditions, subsequent fertilisation and em bryo developm ent will be 
com prom ised [1]. Interestingly, vasp in 's  link w ith  ovulation has been show n previously: D ogan et 
al. [39] com pared serum  vaspin levels in polycystic ovarian syndrom e in w om en w ith either failed or 
successful ovulation induction and measured significantly lower vaspin levels in responders achieving 
ovulation, indicating this adipokine to be a predictor. Vaspin levels in  porcine ovarian follicles and 
serum  are about the sam e (1 ng/mL) [19]. M oreover, in our previous research, vaspin  expression 
in adipose tissue, ovary, serum  and  follicular fluid w ere found to show higher expression in each 
studied sample from Meishan pigs characterised by higher fattening levels [19]. In a previous study we 
indicated that vaspin stim ulated porcine ovarian steroidogenesis [22] and proliferation and inhibited 
apoptosis [23] in a dose-dependent manner. Interestingly, several studies have shown that the elevated 
vasp in  levels observed in obesity p lay a com pensatory role in  the organism  by im proving glucose 
tolerance [40], by its cardioprotective function [41] and by decreasing food intake [16]. We documented 
that in the ovary, vaspin also acts as a positive reproductive regulator, including its stim ulatory action 
in in vitro porcine oocyte m aturation, which could probably com pensate for infertility events caused 
by obesity.
4. M aterials and M ethods
4.1. Reagents
Electrophoresis m arker and TRIzol reagent were purchased from ThermoFisher Scientific (Waltham, 
MA, USA). M edium TCM199 (product no. M4530), kanamycin sulfate from streptomyces kanamyceticus 
(product no. K1377), m ineral oil (M5310), L-cysteine (product no. C7352), LH (product no. L6420), 
follicle stim ulating horm one (FSH) (product no. F4021), fibroblast g row th factor (FGF) (product no. 
F3133), EGF (product no. E1257), butryl AMP (dbcAMP) (product no. D0260), hyaluronidase (product 
no. H3506), vaspin (product no. SRP4915), Com pound C (product no. P5499), Triton X-100 (product no. 
T8787), glycine (product no. G2879), Tris, phosphate-buffered saline (PBS) (product no. D4031), Tween 
20, Laem mli buffer (product no. 38733), FCS (product no. F4135) and polyvinylpyrrolidone (PVP; 
product no. PVP360) were obtained from Sigma-Aldrich (St. Louis, MO, USA). PD98059 (product no. 
1213) w as obtained from Tocris (Bristol, GB). The 4-20% gels (product no. 456-1093) and m em branes 
(product no. 1704156) were obtained from Bio-Rad (Hercules, CA, USA). Paraform aldehyde (product 
no. 11699408) was obtained from VWR International (Radnor, PA, USA).
4.2. COC Collection
Porcine ovaries w ere collected from prepubertal gilts (4-5 m onths old) [26] at a local abattoir 
as a byproduct u nder veterinarian  control, ethics com m ittee approval was no t necessary. Ovaries 
w ere transported  to the laboratory in PBS at 30-35 °C w ithin  1 h  of collection. Ovaries w ere w ashed 
three times in PBS w ith addition of 2% kanamycin at a tem perature of 39 °C. Then, 3-6 m m -diam eter 
follicles (15/ovary) were aspirated from sow (100/experiment) ovaries using a 12-gauge needle attached 
to a 10-mL disposable syringe [26]. Subsequently, oocytes w ere denuded  by  p ipetting  w ith  0.5% 
hyaluronidase and then collected using a glass pipette. To collect the cum ulus cells, the solution was 
centrifuged (1000 rpm  for 5 min). To determ ine vaspin  and GRP78 basal mRNA expression, oocytes 
(n  =  50/analysis) and  cum ulus cells (n  =  50/analysis) w ere im m ediately frozen in  liquid nitrogen 
and  stored at -7 0  °C, w hile for protein level m easurem ent, they w ere frozen at -2 0  °C. Oocyte and 
cum ulus cell collections w ere repeated three times. Additionally, COCs (n  =  50) w ere fixed in  4% 
paraform aldehyde for vaspin and GRP78 content analysis by immunofluorescence.
4.3. Porcine Oocytes In Vitro Maturation and Experimental Procedure
In vitro m aturation  w as prepared according to the technique described by Poniedziałek- 
K em pny [32]. D uring one culture, COCs w ere obtained and  accum ulated from around 100 sows
(15 aspirating follicles/ovary). Only COCs surrounded  by  a m inim um  of three cum ulus cell layers 
(n = 100), w ith  an  evenly granulated cytoplasm  were selected for m aturation. COCs were divided in 
equal groups of 12-15 COCs based on macroscopic observation and cultured in 100 gL of m aturation 
m edium  u nder m ineral oil drops using petri dishes. M aturation m edium  consisted of TCM199 
supplem ented w ith  10% FCS [v/v], 1 mM  L-cysteine [v/w], 5% porcine follicular fluid [v/v], 1 mM 
dbcAM P [v/w], EGF (10 ng/mL), FGF (40 ng/mL), FSH (10 IU/mL) [v/v], and  LH (4.25 IU/mL) [v/v]. 
After 22 h  of m aturation, the oocytes were transferred to the sam e m aturation  m edium  b u t w ithout 
EGF, FGF, FSH, LH, and dbcAMP for an additional 22 h under the same conditions. All cultures were 
m aintained at 39 °C in a hum idified atm osphere of 5% CÜ2/95% O 2 .
Experim ent 1: To check vasp in  and  GRP78 expression after in vitro m aturation , COCs were 
m atured  in m aturation  m edium  TCM199 for 44 h, and  then cum ulus cells w ere rem oved by gently 
pipetting of COCs in PBS supplem ented w ith 0.5% hyaluronidase. D enuded oocytes (n = 50/analysis) 
and cum ulus cells (n = 50/analysis) were frozen at -70  °C for vaspin and GRP78 mRNA and at -20  °C 
for protein expression analysis. The experiments w ere repeated three times.
Experiment 2: To determine the effect of vaspin on in vitro m aturation of porcine oocytes or kinase 
phosphorylation, COCs w ere m atured in m aturation m edium  TCM199 in the presence or absence of 
recombinant vaspin at a concentration of 1 ng/mL, consistent w ith concentrations in porcine follicular 
fluid [19]. After 22 h and 44 h of culture, cum ulus cells were removed from COCs by gently pipetting 
in of COCs PBS supplem ented w ith 0.5% hyaluronidase. Denuded oocytes (n = 30/group) were fixed in 
4% paraform aldehyde to assess nuclear m aturation by DAPI or Hoechst 33342 staining. The m edium  
was collected for P4 concentration measurement, while after 44 h of m aturation a proportion of oocytes 
(n = 50/group) and  cum ulus cells (n = 50/group) w ere frozen at -2 0  °C to check pMAP3/1, MAP3/1, 
pPRKAA1, and PRKAA1 protein expression. Experiments w ere repeated three times.
Experiment 3: To investigate the molecular mechanism of action of vaspin on oocyte m aturation, 
COCs w ere cultured in  m aturation  m edium  TCM199 w ith  MAP3/1 and  PRKAA1 pharm acological 
inhibitors PD98059 at 100 gM and  C om pound C at 1 gM, respectively and vaspin  at a dose 1 ng/mL. 
Doses of inhibitor w ere based on the literature [9,38]. After 44 h  of m aturation, cum ulus cells were 
rem oved from COCs by gently p ipetting  of COCs in PBS supplem ented w ith  0.5% hyaluronidase. 
D enuded oocytes (n =  30/group) were fixed in 4% paraform aldehyde for nuclear m aturation analysis 
by DAPI staining, w hile the m edium  w as stored for P4 secretion m easurem ent. Experim ents were 
repeated three times.
4.4. Real-Time PCR
Total RNA w as isolated using TRIzol reagent according to the m anufacturer's  protocol [13]. 
We perform ed reverse transcription as previously described [19]. Total RNA (1 gg) w ith  200 gM of 
deoxynucleotide triphosphate (Amersham, Piscataway, NJ, USA), 15 U of MMLV reverse transcriptase, 
50 pm ol of oligo(dT), 15.5 U of ribonuclease inhibitor, 75 mM  KCl, 50 mM  Tris-HCl (pH  8.3), 
3 m M  M gCl2 , in a total reaction volum e of 20 gL, w as reverse-transcribed at 37 °C for 1 h. Then, 
cDNA dilu tion (1:5) was prepared. For the real-time PCR, 10 gL iQ SYBR Green M aster Mix, 4.5 gL 
of water, 0.25 gL of each prim er (10 gM) and  5.0 gL of tem plate w ere used in a final volum e of 
20 gL. The cDNA was amplified using the MYIQ Cycler real-time PCR system (Bio-Rad) following the 
previously described protocol [42]. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and actin 
were used as housekeeping genes and normalised according to rules described by Vandesompele [43]. 
The prim er sequences w ere as follows: vasp in  (forw ard 5'-GCTGTGAGTCGTGACCAAGT-3' and 
reverse 5'-CACAGAGATGCTCCAAGGG-3'), GRP78 (forward 5'-ATCGAGTTGGCTTTCCGTGT-3' 
and reverse 5'-CCAGTCAGTCAGTCAGCAGG-3'), GAPDH (forward 5'-GCACCGTCAAGGCTGA 
GAAC-3' and reverse 5'-ATGGTGGTGAAGACGCCAGT-3') and actin (forward 5'-ACGGAACCAC 
AGTTTATCATC-3' and reverse 5'-GTCCCAGTCTTCAACTATACC-3').
4.5. Western Blot Analysis
Oocytes were quickly frozen and defrosted five times to destroy the zona pellucida, then oocytes 
and cum ulus cells were lysed in Lamely buffe heated for 4 m in at 95 °C. Electrophoresis, transfer and 
Western blot analysis were performed as previously described [44]. After blocking in 0.02 M Tris-buffered 
saline containing 5% bovine serum albumin (BSA) [w/v] and 0.1% Tween 20 [v/v], the membranes were 
incubated overnight a t 4 °C w ith  anti-vaspin, anti-GRP78, anti-pPRKAA1, anti-PRKAA1 antibodies 
(product nos. PA5-30989 (LOT# TK26665551N), PA5-19503 (LOT# GR32579381), PA5-17831 (LOT# 
TI2644134A) and  PA5-17398 (LOT# TI2644137), respectively; Invitrogen, Carlsbad, CA, USA) or 
ani-pMAP3/1 and  anti-MAP3/1 antibodies (product nos. 9101S (LOT# 28) and  9102 S (LOT# 27), 
respectively; Cell Signalling Technology, M assachusetts, DA, USA) 1:1000 at 5% BSA/TBST [w/v]. Next, 
the m em branes w ere w ashed w ith  TBST (Tris-buffered saline containing 0.1% Tween 20 [v/v]) and 
incubated for 1 h w ith  a horseradish peroxidase-conjugated secondary antibody anti-rabbit (product 
no. #7074 (LOT# 28); Santa C ruz Biotechnology, Dallas, TX, USA) 1:1000 at 5% BSA/TBST [w/v]. 
An anti-actin antibody (product no. A5316, Sigma-Aldrich, St. Louis, MO, USA) 1:5000 at 5% BSA/TBST 
[w/v] was used as a loading control. WesternBright Q uantum  HRP substrate (product no. K-12043 D20, 
(LOT# 048M4843V); A dvansta, Inc., M enlo Park, CA, USA) w as used to detect chemilum inescence 
signals and  the signals visualised using the Chem idoc XRS + System (Bio-Rad, Hercules, CA, USA). 
Quantification of visible bands was performed using a densitometer and ImageJ software (US National 
Institutes of Health, Bethesda, MD, USA).
4.6. Immunofluorescence
COCs and oocytes fixed in 4% paraform aldehyde [v/v] w ere w ashed in  PBS then  incubated for 
15 m in in 0.1 M glycine/PBS and  perm eabilised w ith  0.15% Triton X-100 [v/v] in PBS containing 1% 
BSA [w/v] for 15 min. Nonspecific b inding sites w ere blocked by incubating in 2% BSA/PBS [w/v] 
for 15 min. Subsequently, oocytes and COCs w ere incubated for 60 m in w ith  anti-vaspin antibody 
1:100 or anti-GRP78 antibody 1:50 (product no. PA5-30989 (LOT# TK26665551N), or PA5-19503 (LOT# 
GR32579381), respectively; Invitrogen, Carlsbad, CA, USA) at 1% BSA/PBS [w/v] for 1 h  at room  
tem perature. Next, oocytes were w ashed and incubated w ith  anti-rabbit Alexa 488 antibody 1:500 at 
1% BSA/PBS [w/v] (product no. A11008, (LOT# 1937184); Invitrogen, C arlsbad, CA, USA) for 1 h  at 
room  tem perature protected from light. N egative control w as perform ed by om itting the addition  
anti-vaspin and anti-GRP78 antibodies and by replacement of prim ary antibody by immunoglobulin G 
(IgG). After a further wash, observation w as by fluorescent Axioplan Zeiss microscope.
4.7. DAPI and Hoechst 33342 Staining
For each experimental group, 25-30 oocytes were analysed for their nuclear status. After maturation, 
COCs were denuded by pipetting of COCs w ith 0.5% hyaluronidase [v/v] and the cumulus-free oocytes 
fixed in 4% paraform aldehyde [v/v] and then subjected to increasing (25-100%) concentrations of DAPI 
(product no. H-1200-10, Vector Laboratories, San Francisco, CA, USA) in 0.1% PVP/PBS [v/v] and the 
oocytes finally m ounted on microscopic slides. To assess nuclear m aturation status by Hoechst 33342, 
the fixed oocytes were maintained in PBS for 1 h and then m ounted on microscope slides w ith 2.5 gg/mL 
of Hoechst 33342 (product no. 62249, ThermoFisher Scientific, Waltham, MA, USA). Observations were 
by Axioplan Zeiss fluorescence microscope. Results w ere expressed as the percentage of oocytes in 
m etaphase-I and  m etaphase-II stages. The presence of the first polar body w as taken as evidence of 
reaching the metaphase-II stage.
4.8. ELISA Assay
The concentration of P4 in the culture m edium  was determ ined by enzyme immunoassay using a 
commercially available ELISA kit (product no. EIA-1561, DRG Instruments GmbH, M arburg, Germany). 
The sensitivity of assay was 0.045 ng/mL, while the inter- and intra-experimental coefficients of variation
were <9.96% and <6.99%, respectively. Each treatm ent was conducted in duplicate. Absorbance was 
m easured using an ELx808 ELISA microplate reader and KC JUNIOR software at 405 nm  wavelength 
(BioTek Instrum ents, Winooski, VT, USA).
4.9. Statistical Analysis
Results from three independent experim ents w ere show n as m ean ± SEM. For one experim ent, 
COCs were collected from 100 pigs (15 follicles/ovary) and allocated after morphological examination 
to the experiments (30-50/group/experiment). The Shapiro-Wilk test was used to check the norm ality 
of tfie distribution. Statistical analysis was p erformed by t-test or one-way ANOVA, and tfie p ost-h oc 
Tu key test w as used (PRKM softw are versm n 5; G rap h Pad, La JoUa, CA, USA). S g m fk an ce  was 
indicated by * p < 0.05, ** p < 0.01 and *** p < 0.001.
51. C onclusions
In conclusion, the data  obtained first show ed vaspin  and  GRP78 expression in porcice COCs, 
as well as the stimulatoryeffect of vaspin on porcimooocyte m aturation in vitro by activation of MAP3/1 
and PRKAA1 kinase pathw ays (Figure 5), confirming the regulatory role of vaspin in female fertility. 
The present study  clearly links oocyte m aturation  w ith  energy resources by direct the influence of 
the adipose tissue horm one, vaspin, on this process. Thee research also holds out hope of im proving 
in vitro fertilisation protocols, which will help in solving the problem of infertility/, especially for obese 
female. M oreover, die rehults obtained nartly  exylam  the lhnk betw een tine reproductive success of 
pigs and  nutritional status or en rrgy  resources, w hich will give the possibility of m anipulating pig 
breeding in the fu ture in order to preserve endangered pig  breeds and  increase the economic profit 
of breeders. K now ledge about the im pact of vasp in  on  in vitro oocyte m aturation  gives reason to 
suspect that this adipokine is involved in the developm ent and differentiation oi fertilised oocytes and 
early emb ryo development. This phenom enon has been observed previous ly; ad^c/necfln stimulates 
nom only porci ne oopyte m aturation  b u t also the dev-eMpreent of porcine em bryos to the blastocyst 
stage [9]. In our future experiments, we plan to investioate vaspin expreasion in fertilised oocytes and 
to study its efiect on genes participating in folliculooenesis, steroidogenesis, and eariy embryogenesis 
tranrcription, p ossibfy by vaspin knoc kout. Moreover, new experiments m ay identify thm me chanism 
of infertiUty connected w tth prem ature ovarian madure and the possib le role of vaspin.
Figure 5. Model of the action of vaspin on in vitro porcine oocyte m aturation. Vaspin stimulates oocyte 
nuclear m atu ration  as w ell as progesterone (P4) secretion by  activation of m itogen-activated kinase 
(MAP3/1) and  inhibition of A M P-activated kinase (PRKAA1); m etaphase-II of meiosis (meta-II); f  
increase; I  decrease.
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A bbreviations
EGF Epiderm al grow th factor
FGF Fibroblast grow th factor
GV Germ inal vehicle
LH Luteinising horm one
FSH Follicle stim ulating horm one
FCS Foetal calf serum




COC Cum ulus-oocyte complex
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
MAP3/1 M itogen-activated kinase
PRKAA1 AM P-activated kinase
PVP Polyvinylpyrrolidone
CL C orpus luteum
BSA Bovine serum  album in
PKA Protein kinase A
SEM Standard error of the mean
STAT3 Janus kinase
Oo Oocyte




IVM In vitro m aturation
IgG Im m unoglobulin G
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